We are concerned in this work with unsteady shear flows, and in particular turbulent wakes formed behind twodimensional (2-D) bluff bodies. The flow past a half-cylinder with its flat-surface facing downstream, that we chose to study, has Iixed separation points and is a subject of an ongoing experimental and computational study over a wide Reynolds number range. Surprisingly, the 2-D wake formed behind a half-cylinder at low Reynolds number (150-500) has a very different form from the classical vortex street formed behind circular cylinders at the same Reynolds number.1*2 In particular, above a Reynolds number of approximately 150, a primary vortex street is formed immediately behind the cylinder which is unstable and leads to vortex pairing at a distance 12 to 15 diameters downstream. The resulting secondary street is asymmetric with stagger (normalized streamwise vortex spacing) closer to one-third rather than one-half as in the primary vortex street. A typical instantaneous plot of the vorticity field is shown in Fig. 1 . These results have been obtained from a series of fine resolution direct numerical simulations using two different unstructured spectral element codes PRISM, and JS/'EKSLYT; for details see Refs. 3 and 4. There is a small sensitivity in the location of vortex pairing and of the corresponding low incommensurate frequency, to the size of the computational domain but the qualitative details of the wake structure remain unaltered. The details of this half-cylinder vortex street can be compared with the classical von Kirmin linear stability analysis and the more recent refinements from the theory for finite area vortices.5'6 These comparisons and further details of the numerical simulation studies will be the subject of a future publication.
Measurements and corresponding flow visualizations, however, did not show the vortex pairing at Re=250 predicted in the two-dimensional simulation. A series of threedimensional (3-D) spectral element-Fourier simulations was then undertaken to examine the observed differences. A similar computational domain as in the 2-D case was considered with a spanwise length (normalized with the diameter) of 4 GT. Imposed 3-D noise triggered a secondary instability. The converged field showed a primary street, different from its 2-D counterpart but similar to the one visualized in the experiments, for which no vortex pairing was observed. A representative plot of the major differences between the 2-D and 3-D simulations is shown in Fig. 2 where the normalized centerline velocity of the time-averaged field is plotted as a function of the streamwise distance. Included in the plot are also early hot-wire measurements obtained at Princeton University. The very large difference between the 2-D 3-D simulation results is in contrast with the experimental results which match closely the results from the 3-D simulations. The small difference between the 3-D simulations and the experimental results is the subject of current investigation but is due in part to the present restriction on the size of the computational domain.
Intrinsic 3-D phenomena are due to flow instabilities which are associated with secondary, tertiary and higher instabilities?' rather than extrinsic 3-D effects which are caused by boundary conditions, e.g., end effects. To evaluate the effect of three-dimensionality we begin with the vorticity equation in three-dimensions,
(where v is the molecular kinematic viscosity), and subsequently average in the spanwise direction z. If we define g(x,y,t) to be the z-spatial average velocity field and
Ll(x,y,t) the z-spatial average spanwise vorticity component, then the instantaneous velocity and vorticity can be written as,
gix,y,z,tj =fw,y,t>k+
where g and w' are the spanwise fluctuations (deviations from two-dimezonality) and k is the unit vector in the spanwise direction z. By inserting Eqs. (2) and (3) 
To appreciate the physical significance of the vorticity vector flux lJU we consider a typical shear velocity profile and the corresponding spanwise vorticity field as shown in Fig. 3 . A small deviation from two-dimensionality at point A with a positive u; , for example, will produce a curved vortex line (new position A') which will make a contribution to the velocity-vorticity correlations with a negative u: and negative WI . If these make the principal contribution to F,, (and similarly for U; negative, ul is positive and 01 is positive) then we may expect that F_, is a vector in the second quadrant as shown in the Fig. 3 . Similarly, if the perturbed motion is pointing downwards then we may expect that F_, is a vector in the fourth quadrant. Correspondingly, however, based on the assumption of an almost parallel flow, the gradient of the 2-D vorticity field is approximately. a normal vector. We anticipate then, that the two vectors &, and V,fi are not co-linear in this typical situation. Jn the classical ideas of Boussinesq and Prandtl, the Reynolds stresses are related to the mean gradient in the velocity field by -u&l;=u, dxk 7 I "i+g (6) , where v@ is an eddy viscosity. If in a local region Y, is not a function of position then it follows from the curl of the momentum equation that F&= V,V2R.
Thus in its simplest form, an interesting question is whether F_, is approximately co-linear with V2LI and whether the above physical model accounts for the predominant contribution to the flux F_, , particularly in the shear layers leaving the cylinder. To examine this question for the flow past the halfcylinder we have obtained a converged velocity and vorticity field at Re=250 as before. In Fig. 4 we plot the contours of a, i.e. the spatially averaged spanwise vorticity of the equivalent 2-D field fi(x,y, t = to) at a particular time, and superimpose the corresponding vector F_, obtained from the calculation. It is obvious that the vorticity flux vector F_, is, in general, far from perpendicular to the vorticity contours and thus F, is not at all co-linear with VJl. The same picture emerges in the far wake (not shown herej. The contributions due to vorticity fluctuations are about two to five times larger than the molecular contribution vV212 at Re= 250. Similar results were obtained from ongoing simulations of flow past a circular cylinder where it was found that at Re= 500 the vorticity. spatial fluctuations are approximately 5 times larger than their molecular counterparts and almost 20 times larger at Re=lOOO. In the far wake the 3-D contributions are even larger. Examining separately the components of F_, , i.e. the transport terms and the tilting terms, we find that the latter are smaller although of comparable magnitude with the former. In particular, the stretching terms achieve-a large magnitude in regions connecting the spanwise vortices, i.e. the so-called ribs or braids of vortices. Returning now to the sketch of Fig. 3 , we can use the numerical data bases to determine whether the physical model described above accounts broadly for the flux. In Fig. 5 , we plot the profiles of fl and U at a location of half a diameter downstream of the cylinder along with selected vectors of F_, and vV& (the latter are amplified 2.5 times for clarity). We see that the computed results agree qualitatively with those anticipated from the model of Fig. 3 .
In conclusion, the very large difference in the near wake between the 2-D calculation and the 3-D results shows the significance of the transport of the spatially-averaged spanwise vorticity in the near wake (due to 3-D motion). We also find that this transport is in general not at all in the direction of the gradient of spanwise vorticity and it would therefore not be well modeled by the use of a simple eddy viscosity in an otherwise 2-D calculation. The transport of spanwise vorticity is due to spanwise-averaged velocity-vorticity correlations (which are derivatives of the Reynolds stresses obtained from spatial rather than temporal averages) and we FIG. 5 . Profiles of,U and fi at x=0.57 and selected vectors of F, (solid) and vVaf2 (dotted); the latter are amplified 2.5 times for clarity.
have begun to consider the structures in the liow which broadly account for these correlations. The considerable difference between the 2-D near wake of a half cylinder and a full cylinder supports the expectation that the contribution of the larger 3-D structures to this transport is strongly geometry dependent and best calculated by a "large eddy simulation. " We have yet to establish whether the smaller scales at higher Reynoids numbers contribute to the transport of spanwise vorticity in a more diffusive and less complex way.
